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Abstract 
The machining precision of composite material parts is usually not very high, thus for virtual assembly of composite material parts, it is 
difficult to simulate the actual assembly situation only by using geometric design models. This paper proposes a virtual assembly and repair 
analysis method based on both geometric design model and object scanning model. By matching the scanned cloud point model to the design 
model, the virtual assembly process is constructed, and the repair analysis is implemented according to the results of virtual assembly. The 
proposed method is investigated by truss structure, and the results show the effectiveness of the proposed method. 
© 2016 The Authors. Published by Elsevier B.V. 
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1. Introduction 
As the key technology of virtual manufacture, virtual 
assembly technology changes the product serial 
manufacturing mode. It can reduce the risk of product 
development and shorten the product development cycle. 
Before the product assembly, the problems of product design, 
process and assembly can be found through the simulation of 
the assembly process, which can ensure the quality of product 
assembly, shorten the product assembly cycle and reduce the 
cost of product assembly [1-4]. 
Usually, the virtual assembly system is based on the 
geometric design model (CAD models) of ideal size, that is to 
say the design model is directly used for the virtual assembly. 
Yun et al. [5] proposed an approach to reconstruct semantic 
information exported from CAD software. They established a 
data center that handles data exchange between CAD and VR 
systems. Wang et al. [6] built up a CAD linked virtual 
assembly environment by integrating VR and CAD for virtual 
assembly. Seth et al. [7] provided a review of the research in 
virtual assembly and categorized the different approaches. 
Leu et al. [8] reviewed the methodologies for developing 
computer-aided design (CAD) model based systems for 
assembly simulation, planning and training. In these studies, 
most of the models used for virtual assembly are CAD models 
of ideal design size. 
While, in some areas (such as aerospace, etc.), the product 
is usually made by composite material, which leads to low 
machining precision. There is large machining error between   
machined part and design model. The error will cause that 
virtual assembly cannot reflect actual assembly well. There 
will be problems during actual assembly even if the virtual 
assembly can be completed.  
The virtual assembly can also be implemented by using 
object scanning models. The object scanning models can be 
acquired by 3D scanning device. However, there is no spatial 
relative positional relationship or assembly constraint 
relationship among these object scanning models, so that the 
virtual assembly process cannot be constructed directly by the 
scanning models. Usually, the reverse engineering method is 
used to solve this problem. By reverse engineering method, 
the assembly constraints can be computed by using scanning 
models. Bénière et al. [9] presented a comprehensive and 
automatic retro-engineering process dedicated mainly to 3D 
meshes obtained initially by mechanical object discretization. 
Chang and Chen [10] proposed a brief review and technical 
advancement on 3D shape engineering and design 
parameterization in reverse engineering, in which discrete 
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point clouds are converted into feature-based parametric solid 
models.  
However, the reversing CAD model often does not include 
the original design intent and ignores the geometric 
constraints between features. This kind of model can hardly 
meet the requirements of assembly alignment and symmetry 
of products. Therefore, in order to recognize the modelling 
features of positive design CAD and oriented benchmark in 
the point cloud data, it makes a lot of researches on 
information of features constrains of original design to reverse 
the original model accurately [11]. Yi et al. [12] presented a 
new shape recognition method by iterative slippage analysis 
for recognizing basic primitive surfaces of CAD models. 
Therefore, we propose a virtual assembly method by using 
both geometric design model and object scanning model. The 
design model is utilized to obtain the final assembly model 
which includes part positions, assembly constraints and 
assembly hierarchies. Then, object scanning model is matched 
to the assembly model accordingly to obtain the assembly 
scanning model. Since the parts are removable if they are 
assemble, so the strategy of changing the assembly to 
disassembly is employed in the proposed virtual assembly 
method. The inversion of the disassembly processing is just 
the assembly processing. So the final assembly position of the 
parts can be the initial position of the virtual assembly. 
According to assembly scanning model, virtual assembly 
process is constructed by inverse kinematics and assembly 
constraint relations of parts. Finally, the repair analysis is 
implemented according to the results of virtual assembly. 
2. Construct the assembly process 
Iterative Closest Point (ICP) algorithm [18] is used for the 
registration of object scanning model to geometric design 
model. Then, we should construct the assembly constraints. 
Combining the geometry design model and the object 
scanning model, we use the geometry design model as the 
skeleton and the object scanning model as the skin. Construct 
the assembly constraints by parameter information of the 
geometry design model, and simulate the assembly process 
with the object scanning model according the constraints. The 
flowchart of assembly process construction is shown in Fig. 1, 
and the specific steps of the whole assembly are as follows. 
 
x Step 1: Initialize the assembly processing, and import the 
geometry design model and the object scan model into the 
virtual environment. Matching the geometry design model 
and the object scan model by ICP. Construct the assembly 
constraints. 
x Step 2: Reason the degrees of freedom of the detachable 
part and the direction of disassembly motion. 
x Step 3: Generate the disassembly path according to the 
disassembly direction of the parts. 
x Step 4: Determine whether there are other parts affected by 
the movement of the detachable part. If there are, specify 
the parts as followers and calculate the position and 
orientation of the followers. 
x Step 5: Disassembly the detachable part and the followers. 
Repeat the above processes until all parts are disassembled.  
x 
Get the assembly constraints 
information
Degrees of freedom 
of detachable part inference
Determine the disassembly path 
whether there 
are followers
Import geometric design model 
and object scanning model
Solving the position and 
orientation of followers
True
False
Disassembly parts
 
Fig. 1. Flowchart of assembly process construction. 
3. Point to surface distance computation 
The signed Hausdorff distance [13] is used for detecting 
collisions instantly. The signed Hausdorff distance is the 
shortest distance between points and the geometry of an 
object, where the positive value represents the point is outside 
of the object and the negative value represents the point is 
inside of the object. 
The direct computation of Hausdorff distance is extremely 
expensive. In order to reduce the computing cost, the nearest 
neighbour search is implemented first to find out the triangle 
closest to the point, and the shortest distance between the 
triangle and point will be the Hausdorff distance.  
For a point P(x, y, z) and a triangle T(V0, V1, V2), the 
Hausdorff distance between them is the shortest distance from 
the point P to the triangle T. Two linearly independent vectors 
can parametrically define a point on triangle T with two 
weights (s, t) by 
   0 1,T s t B se te    (1) 
where  
    > @ > @^ `
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The distance between T and P is 
  ,T s t P  (2) 
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and we can use the squared-distance function instead to find 
the point p’(s, t) on triangle T which closest to point P. 
     2, ,Q s t T s t P   (3) 
Therefore, the computation of the shortest distance can be 
turned into a minimization problem. To improve the 
calculation efficiency, we can expand Q(s, t) as 
   2 2, 2 2 2Q s t as bst ct ds et f       (4) 
where 
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From analysing equation 4, we know the minimum Q(s, t) 
happens only when gradient of Q(s, t) is 0, where 
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If p’(s, t)ʧD, the shortest distance is the distance between 
P and p′; otherwise, there may be six regions that the 
minimum distance point p″ lies on triangle T, as shown in 
Fig.2.  
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Fig. 2. Six regions in (s, t) coordinate.  
Therefore, we compute the distance from the point P to 
four possible points on the triangle that may be on the three 
boundaries or inside the triangle instead of directly computing 
shortest distance between point P and p″, and then the 
minimum value is the shortest distance. These four points are 
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4. Collision detection 
In assembly, for some complex products, its structure and 
manufacturing errors limit the assembly path and affect the 
assembly feasibility. The collision detection can be divided 
into static collision detection and dynamic collision detection. 
The object of the static collision detection is the interference 
inspection caused by tolerance and machining accuracy. By 
checking the interference between parts to ensure that the 
product can be assembled as design without interference, that 
is to say, the product can be realized. The object of the 
collision detection is to check the interference during the 
whole assembly process. According to the assembly process, 
relationship and constraint conditions, the position and 
orientation of parts are changed to ensure that the parts can be 
assembled into a product, that is to say, the assembly process 
can be realized. 
4.1. Static collision detection 
 
Fig. 3. Static collision detection.  
Static collision detection is not only suitable for a certain 
time of the collision detection, but also for some cases of the 
whole assembly process detection. In detail, during the whole 
assembly process, the contact relationship between the mating 
surfaces is constant, so that the interference relationship 
between the parts can be represented as the interference of the 
whole assembly process. 
Static collision detection between the object scanning 
models is shown as Fig.3. According to the model data and 
position data, calculate the Hausdorff distance between the 
parts and generate the sign of the Hausdorff distance 
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according to the normal information. The positive value 
represents no collision and the negative value represents 
collision. If collision occurs, record the information of the 
points of collision, including the ID and position of point and 
the penetration depth. 
 
4.2. Dynamic collision detection 
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Fig. 4. Dynamic collision detection. 
Dynamic collision detection is for the whole assembly 
process, in which the contact relationship between the mating 
surfaces is always changing. The interference relationship 
between the parts cannot be represented as the interference of 
the whole assembly process. 
Dynamic collision detection can be regarded as a process 
of continuous repeated static collision detection. In order to 
reduce the computing cost, we do a simple OBB bounding 
box collision detection before static collision detection in each 
step. S Gottschalk [15] presents an OBB intersection test 
method using the Separation Axis Theorem, which can 
significantly improve detection speed of OBB intersection test. 
The algorithm first identifies the 15 separating axes (3 faces 
from one box, 3 faces from the other box, and 9 pairwise 
combinations of edges) of two OBB bounding boxes. Then, 
project the two OBBs onto the separating axes, and check 
whether the projections on each axis overlap or not in order to 
determine whether the two OBBs intersect. 
According the motion data, repeat OBB intersection test 
and static collision detection, we can get the collision area and 
penetration depth every step.  To generate the overall collision 
detection data, the collision detection data is updated every 
step by comparing the penetration depth with the last one, as 
shown in Fig.4. If the penetration depth is smaller than the last 
one, the collision detection data is not updated. Otherwise, 
collision detection data is updated according to the new 
penetration depth. 
5. Repair scheme and visualization 
After the collision detection, the repair scheme is generated 
and the repair result is visualized to users.  
5.1. Repair scheme 
The repair scheme is a table such as Table 1. It includes the 
ID, position and repair value. The ID is the sequence of points 
in the scanning model. A coordinate system is established 
based on the machining datum plane of the parts. The position 
describes the space position of the point in this coordinate 
system. This will make it easier to locate the repair area 
during machining processing. The repair value is generated 
from the penetration depth. It is the projection of the 
penetration depth in normal direction of machining.  
Table 1. Repair scheme 
ID Position (x, y, z) Repair value (mm) 
106630 -264.867623,334.123165,-87.959678 0.181222 
1754 -263.420665,327.019889,-88.066011 0.181207 
5259 -275.266418,306.060242,-53.430321 0.181166 
85000 -252.604584,322.989868,-81.918282 0.181114 
74035 -269.725708,311.832458,-53.811928 0.181112 
81489 -258.805359,310.666565,-60.958363 0.101102 
Ă Ă Ă 
 
5.2. Visualization 
Although according to the repair scheme we can reprocess 
the parts, but it cannot give an intuitive feeling of repair area 
distribution. To solve this problem, the repair scheme is 
visualized through the colour chart. We define a linear 
function relation between colour value and repair value. The 
colour changes with the size of repair value from blue to red. 
The colour scale shows the corresponding relationship 
between colour and repair value. An example is shown in 
Fig.5. 
 
 
 
Fig. 5.Visualization of repair scheme. 
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6. Experimental Results 
We investigate the proposed method by two set of truss 
structures a set of gear structure. The first truss structure is 
shown in Fig.6. The structure comprises four joint parts and 
three connecting rods. We analyze the process of assembling 
the red part with the other parts assembled. The scanning 
model of the red part used for virtual assembly has about 0.9 
million vertices and 1.8 million faces.  
 
Fig. 6. Truss structure. 
The whole assembly process is discrete into 100 steps in 
this experiment. The results of one tenon on the red part are 
shown in Table 2 and Fig.7. 
Table 2. Repair scheme 
ID Position (x, y, z) Repair value (mm) 
79432 -287.239899,325.433960,-72.274269 0.766429 
12579 -288.712646,323.037842,-72.188110 0.766239 
43924 -288.593445,323.331177,-71.356461 0.766133 
63233 -288.105347,324.131592,-71.373627 0.765893 
103521 -287.292480,325.466003,-71.364098 0.765820 
26072 -287.944275,324.399384,-71.287796 0.765773 
Ă Ă Ă 
 
 
Fig. 7. Repair scheme visualization. 
From the results, we can see that the maximum repair 
value is about 0.77mm and the mean is 0.42mm. From the 
visualization, points with large repair value are concentrated 
in the same repair area (red zone). This area locates close to 
the end of tenon and repair value decreases with distance to 
the end. The largest repair area is the green zone with repair 
value around 0.39mm. 
The second truss structure comprises three joint parts and 
two connecting rods as shown in Fig.8. The red part needs to 
be assembled to other parts. The difference with first 
experiment is that the analysis part will be the assembled part. 
We want to find the influence on the green part when the red 
part is assembled. 
 
Fig. 8. Truss structure. 
We simulate the assembly process using a scanning model 
with 1.5 million faces and 60 simulation steps. The results are 
shown in Table 3 and Fig.9. 
Table 3. Repair scheme 
ID Position (x, y, z) Repair value (mm) 
24392 -137.995758,216.379639,-81.995354 0.530890 
98787 -131.950195,228.431580,-60.856827 0.530888 
86396 -132.337402,233.425018,-72.537384 0.530873 
82695 -130.868683,215.934723,-62.744846 0.530853 
45409 -131.352722,224.407837,-57.831375 0.530817 
111505 -132.129822,233.298523,-74.122269 0.530799 
Ă Ă Ă 
 
 
Fig. 9. Repair scheme visualization. 
We can see that the maximum repair value is 0.53mm from 
the repair scheme. The repair area that needs to be 
reprocessed locates on the center of tenon and repair value 
decreases from center to the end.  
In the final experiment, we use a gear structure as shown in 
Fig.10. We analyze the assembly situation between the gear 
and the shaft, and get the repair scheme of the shaft as shown 
in Table 4 and visualization as Fig.11.  
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Fig. 10. Gear structure. 
Table 4. Repair scheme 
ID Position (x, y, z) Repair value (mm) 
62678 177.239899,125.433960,-72.274269 0.409732 
45183 178.712646,123.037842,-72.188110 0.409730 
108677 178.593445,123.331177,-71.356461 0.409694 
Ă Ă Ă 
45256 178.105347,124.131592,-71.373627 0.221552 
103856 177.292480,125.466003,-71.364098 0.221530 
86707 177.944275,124.399384,-71.287796 0.221497 
Ă Ă Ă 
 
 
Fig. 11. Repair scheme visualization. 
In this case, we find that the number of points in red zones 
is very small and the distribution of red zones is very scattered, 
so these points maybe noise errors. According to the 
visualization, the point with maximum repair value should be 
in the green zone and the value is about 0.21mm.  
7. Conclusion 
This paper proposed a virtual assembly and repair analysis 
method based on both geometric design model and object 
scanning model, which can generate the visualization of the 
repair scheme. This method has positive significance to the 
development of virtual assembly technology, especially when 
the precision of machining parts is not high. Firstly, during 
the visual simulation processing, scanning models of 
machined parts are used to assemble so that the models can 
reflect the real surface information and the actual machining 
dimension of the parts. This can simulate the assembly 
situation more actually, and make more accurate collision 
detection. Secondly, we construct the assembly process by 
matching the scanned cloud point model to the design model, 
instead of reverse engineering method. This reduces the steps 
to recognize the modelling features and build the inverse 
CAD models. It improves the efficiency of constructing the 
assembly process and avoids the error in reverse engineering. 
Finally, we use a rapid collision detection method using 
signed Hausdorff distance and implement the repair analysis. 
The repair scheme is presented by both text data and 
visualization. It provides a useful solution for users to repair 
the parts unable to assemble. This method has no requirement 
on the shape and complexity of the assembly parts, so it has a 
wide application. Generally, this method can solve the actual 
assembly problems in industrial manufacturing, simulate the 
assembly processing, analysis repair scheme, and put forward 
solutions. 
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